Alkali treatment has been widely used for the surface modification of Ti and Ti alloys for clinical applications.
Introduction
With excellent biocompatibility, mechanical properties, and corrosion resistance, titanium (Ti) and its alloys are desirable materials for dental and orthopaedic prostheses such as bone implants and tissue engineering scaffolds.
1,2 However, recent ndings indicate that the osseointegration potential of Ti implants can be further enhanced by modifying their topographical and physicochemical surface properties. [3] [4] [5] Chemical surface modication, including hydrogen peroxide, acid, and alkali treatments, is considered as a promising strategy for metallic biomaterials, which depends upon the chemical reactions at the interface of biomaterials/reagents. Among different types of chemical modication methods, alkali treatment has been widely used for the surface modication of Ti and Ti alloys for biomedical purposes. 6, 7 The alkali-treated Ti surface provides a niche microenvironment that contains a nanowire structure and a chemically modied surface that is mainly composed of titanate. 8, 9 The niche microenvironment generated by the nanostructure provides a simulated 3D biomimetic situation that directs the fate of cells. 10, 11 Ion exchange of titanate on the surface induced the formation of a hydroxyl group that attracted Ca 2+ and exhibited excellent in vitro bioactivity, osteogenic activity, in vivo osseointegration, as well as good bonding strength of the modication layer with the substrate.
12
Biomedical performances of the biomaterials strongly depend on the surface since the surface is in direct contact with the extracellular matrix and the interaction occurs at the very beginning stage when the material rst comes in contact with the biological environment. Titanate generated via the alkali treatment can easily undergo ion exchange and get converted into H 2 Ti 3 O 7 .
13, 14 The biocompatibility of H 2 Ti 3 O 7 is rarely studied, but it may have a signicant impact on the alkali-treated surface because H 2 Ti 3 O 7 is considered to be hydrated TiO 2 and the structure of water in the H 2 Ti 3 O 7 crystal can inuence the distribution of the water molecules at the interface, regulating the cell response. The distribution of water molecules at the interface plays an important role in protein adsorption. TiO 2 surface modied with a hydroxyl functional group showed signicant enhancement in antibody immobilization. 15 However, a surface with modied hydroxyl groups showed much greater affinity towards proteins via larger protein-surface electrostatic interaction and larger number of adsorbed residues. 16 It has been veried that the hydroxyl groups regulate the adsorption of proteins, which guide the adhesion/growth of the surrounding cells. Hydration of H 2 Ti 3 O 7 can be controlled by post thermal treatment, which can lead to the formation of different types of TiO 2 depending on the thermal treatment temperature, and the topography can be well-preserved via careful treatment. H 2 Ti 3 O 7 can be synthesized via hydrothermal treatment followed by ion exchange. 13 However, since the alkali-treated titanate nanowire was ne such that it could be destroyed via acid treatment, alkali treatment of the rutile nanorod lm was adopted to protect the nanostructure of titanate because rutile could act as another titanium source.
In this study, a H 2 Ti 3 O 7 nanowire lm was prepared via a two-step hydrothermal method followed by an ion exchange process in acid solution. The H 2 Ti 3 O 7 nanowire lm was used to regulate the behaviour, especially the responses of MC3T3-E1, and an anatase nanowire lm was used as a control to produce samples with different hydration levels but similar topography. The assessment of the fate, including cell proliferation, adhesion, morphology, and differentiation, of MC3T3-E1 on different TiO 2 substrates demonstrates that the species of surface hydroxyl groups is an important factor to regulate the differentiation of MC3T3-E1, providing new insights into the modication of the surface of the titanium implants.
Experimental details

Materials
The metal titanium (titanium foils) substrates (1 cm Â 1 cm Â 1 mm) were polished by SiC abrasive papers of small grain size. Then, they were ultrasonically cleaned in de-ionized water and ethanol and dried in ambient air. Picric acid, tetrabutyl titanate (TBOT, Aladdin), hydrochloric acid, and ethanol were mixed to prepare rutile nanorod layers on Ti substrates. Sodium hydroxide and potassium hydroxide were used to prepare titanate nanowire lms. The titania nanowire lm was obtained by thermal treatment of the hydrogen titanate nanowire lm. All aqueous solutions were prepared using deionized water. Process diagram is shown in Fig. 1 .
A rutile nanorod lm was prepared according to the method reported in our previous study. 20 To prepare the hydrothermal solution, 30 mL deionized water and 20 mL concentrated hydrochloric acid (36.5-38% by weight) were added to 6 mL ethanol containing 0.23 g picric acid (PA). Then, eighty millilitres of the clear solution was transferred to a 100 mL Teon-lined stainless-steel autoclave, and a Ti substrate was placed at an angle against the wall of the Teon liner with the coated side facing down. Hydrothermal growth was allowed to proceed for 6 h at 160 C in an electric oven. The autoclave was then cooled down to room temperature, and the sample was removed, extensively rinsed with deionized water and ethanol, and allowed to dry in ambient air.
Hydrothermal growth of the titanate nanowire lm
Sodium hydroxide and potassium hydroxide were dissolved in deionized water to prepare the hydrothermal solution. The total concentration of the alkaline solution was 6 mol L À1 , and the molar ratio of sodium hydroxide and potassium hydroxide was 2 : 1. Then, eighty millilitres of the clear solution was transferred to a 100 mL Teon-lined stainless-steel autoclave, and a nanorod-coated Ti substrate was placed at an angle against the wall of the Teon liner with the coated side facing down. The hydrothermal synthesis was performed at 200 C for 2.5 h.
Aer being cooled down to ambient temperature, the substrates were removed, extensively rinsed with deionized water, and allowed to dry in ambient air. To obtain a hydrogen titanate nanowire lm, the as-prepared substrate was washed in 0.1 M hydrochloric acid for ion exchange. The TiO 2 nanowire lm was obtained via the thermal treatment of the hydrogen titanate nanowire lm. The hydrogen titanate nanowire lm was heated at 500 C for 3 h to obtain the anatase nanowire lm.
Characterization of the lms
The topographies and microstructures of the resulting lms were characterized by scanning electron microscopy (FE-SEM, Hitachi, SU-70, 3 kV of operating voltage) and high resolution transmission electron microscopy (HRTEM) (Tecnai G 2 F20 S-TWIN FEI), and the TiO 2 nanowire lms were characterized by X-ray diffraction (XRD) analysis (PANalytical, X'Pert PRO, Cu-Ka, l ¼ 1.5406Å, 0.02 per step, 2 min À1 scanning speed, 40 kV operating voltage, 40 mA operating current, and 5-80 scanning range). X-ray photoelectron spectroscopy (XPS; Kratos AXIS Ultra DLD) with an Al Ka source (1486.6 eV) was used to characterize the surface composition of the TiO 2 nanowire lms. A detailed scan for oxygen was carried out, and a step of 0.1 eV was used for calibration. Thermogravimetric (TG) analysis was carried out using an SDT Q600 instrument in the temperature range from 25 C to 500 C at a heating rate of 10 C min À1 and kept at 500 C for 3 hours in air. Kelvin potential was analysed by atomic force microscopy (AFM) using a commercially available SPM microscope (VEECO, MultiMode 3) equipped with a rectangular RTESP. The scan rate was 1 Hz and the scan size was 2.5 mm Â 2.5 mm. Images were obtained in the tapping mode. The average Kelvin potential was calculated using the data obtained from the images using an appropriate soware. Simulated body uid (SBF) immersion was conducted as per the reported instruction, and the results were obtained by SEM and EDS. 21 SBF with ion concentrations 1.5 times those of SBF (1.5 SBF) was used in this experiment. All the samples were vertically placed in a 15 mL centrifuge tube and soaked at 37 C. 
Culture of the cells
Mouse calvaria-derived pre-osteoblastic cells (MC3T3-E1, CRL-2594, ATCC) were utilized in the present study. MC3T3-E1 were cultured in Dulbecco's modied Eagle's medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, PAA, Australia), 1% MEM non-essential amino acids (Gibco), 1% antibiotic solution containing 10 000 mg mL À1 streptomycin (Gibco) and 10 000 units per mL penicillin, and 1% sodium pyruvate (Gibco). The cells were incubated under standard cell culture conditions at 37 C in an atmosphere of 5% CO 2 . The cultured cells were harvested using 0.25% trypsin/ EDTA (Gibco), suspended in fresh culture media for the experiments.
Cytotoxicity evaluation
Lactate dehydrogenase (LDH) is a cytoplasmic enzyme. Normally, it is not secreted outside the cells, but upon damage of the cell membrane, LDH leaks out. With the LDH test, it is possible to measure the release of LDH from the cells based on colorimetric quantitation aer an enzymatic reaction. LDH that has been released from the cells catalyzes the reaction in a substrate mix solution and converts the INT-tetrazolium salt into a red formazan salt, which can be quantitated. Cytotoxicity on different samples was assessed via lactate dehydrogenase (LDH) leakage into the culture medium. LDH release was determined according to manufacturer's procedure (Dojindo). The supernatants obtained from the cell viability assay on day 1, day 4, and day 7 were used for the LDH assay. Briey, aer incubation in 96-well plates, the cells were washed twice with 100 mL of HBSS, and the test solutions were added to the wells. All the test samples were similar to those of the MTT assays. The plates were incubated at 37 C for 3 h. Aer incubation, 50 mL samples were withdrawn from each well to a new plate, and 50 mL of the substrate mix solution was added. The wells were incubated with the substrate mix solution for 30 min. Aer incubation, the enzymatic reactions in the cells were stopped by adding stop solution (1 M acetic acid) to the wells. Absorbance values were measured within an hour at 490 nm using the ELISA reader. PS and cell lysis were used as the minimum and maximum LDH release, respectively.
Cell adhesion and proliferation
A cell counting kit-8 (CCK-8) assay was used to measure cell adhesion and proliferation. In brief, cells cultured at a density of 2 Â 10 4 cells per cm 2 were seeded on different TiO 2 nanowire lms in 24 wells. CCK-8 solution was added to the wells at a concentration ratio of 1 : 10 with the culture solution. Aer reaction for 3 h in the incubator, the optical density (OD) value of the supernatant liquid was measured at 450 nm using a microplate reader (Multiskan MK3) aer culture for different times (1 d, 4 d, and 7 d).
Alkaline phosphatase (ALP) assay
To determine the osteogenic activity of the mouse MC3T3-E1 cells, ALP activity was colorimetrically assayed. The mouse MC3T3-E1 cells were cultured on different surfaces for 4, 7, and 14 days. At the end of the culture period, the cells were rinsed with PBS, vigorously lysed in PBS containing 0.2% Triton X-100 for 10 min, and then centrifuged. Aer centrifugation, the supernatant was used to determine the total intracellular protein and ALP activity with p-nitrophenol phosphate as the substrate. The absorbance at 405 nm was measured using a spectrophotometric microplate reader (Bio-Rad 680, USA). The ALP activity was normalized to total intracellular protein synthesis and thus expressed as U (nmol mL À1 ) per mg protein.
The total intracellular protein content was determined using a BCA kit.
Protein adsorption
Bovine serum albumin (BSA, Sigma-Aldrich) was used as a model protein. Following the previous protocol, 500 mL of BSA solution (10 mg mL À1 protein/phosphate buffered saline) was rst pipetted into the samples with different surfaces. Aer incubation for 24 h at 37 C, nonadherent proteins were removed and mixed with bicinchoninic acid (Pierce Biotechnology) at 37 C for 60 min. The amount of the removed albumin as well as the total amount of albumin inoculated were quantied using a microplate reader at 562 nm. The BSA remained could be acquired by subtracting the two abovementioned values.
Statistical analysis
All values are expressed as means AE standard deviation. Statistical analyses were carried out via one-way analysis of variance (one-way ANOVA) and the Scheffe's post hoc test using the SPSS soware for multiple comparison tests or using the Student's t-test. Differences were considered statistically signicant when P < 0.05.
Results and discussion
Material characterization
In this study, a hydrothermal sample was prepared via a twostep hydrothermal process and acid treatment. Dehydration was conducted via thermal treatment at 500 C for 3 hours. Nanowires were criss-crossed between tops of the poles, forming network. The morphology of the hydrothermal sample remained almost the same aer 3 hour thermal treatment. Since two samples possessed almost the same nanowire density and nanowire size, the inuence of the topography in this experiment diminished so that the focus was on the character of the surface chemistry. Fig. 2c shows the typical XRD patterns of two different samples. The diffraction peaks conrmed that the hydrothermally synthesized sample was H 2 Ti 3 O 7 lm as the main peak at about 10 could evidently be found in the XRD pattern of the hydrothermal sample. Aer calcination at 500 C for 3 hours, the sample was converted into anatase since the typical anatase XRD peak was observed in the 500 C-treated sample.
To further conrm the crystal structure of the nanowires, HRTEM images of the single nanowire were obtained and are shown in Fig. 2d and e. Clear crystal fringes could be seen in these images. In Fig. 1d , the interplanar spacing obtained from the crystal fringe well-coincided with the crystal structure of H 2 Ti 3 O 7 . Moreover, Fig. 1e conrmed the 500 C-treated nanowire as anatase, which was in accordance with the XRD results. As abovementioned, H 2 Ti 3 O 7 was considered as hydrated TiO 2 due to its crystal structure. A thermogravimetric analysis test was used to further verify the hydration of H 2 Ti 3 O 7 . Aer It was considered that two types of hydroxyl groups appeared at the TiO 2 surface: a bridging hydroxyl group bound to a surface Ti 4+ ion, which was four coordinated with respect to the lattice, and a terminal hydroxyl group bound to a Ti 4+ ion, which was ve coordinated with respect to lattice oxide ions. 24, 25 The bridging hydroxyl groups were strongly polarized by the cations, thus easily loosening the bond to hydrogen and resulting in an acidic character; however, the terminal hydroxyl groups were expected to exhibit a basic character and might be exchangeable for other anions.
26
XPS was used to evaluate the surface character of both samples. Fig. 3a and b show the O 1s XPS spectra of the H 2 Ti 3 O 7 lm and anatase lm, respectively. The hydroxide peaks observed in the XPS spectra were obtained in dried samples under an ultra-high vacuum. The spectra were deconvoluted into three Gaussian component peaks: the peak near 530.6 eV was assigned to O in the surface oxide lattices (denoted by TiO 2 ), the peak near 531.28 eV was attributed to O in TiOH T (bridging OH), and the peak near 532.2 eV was assigned to O in TiOH T (terminal hydroxyl groups).
27 About 12.5% of surface oxygen on the H 2 Ti 3 O 7 nanowire lm and 16.8% of surface oxygen on the anatase nanowire lms were attributed to TiOH T (terminal hydroxyl groups); however, 29.8% of surface oxygen on the H 2 Ti 3 O 7 nanowire lm and 22.3% of surface oxygen on the anatase nanowire lms were due to TiOH B (bridging hydroxyl groups). Note that there were slightly more hydroxyl groups on the H 2 Ti 3 O 7 nanowire lm than those on the anatase nanowire lm.
Since different kinds of hydroxyl groups can result in different polarities, it can be signicant to calculate the ratio of the terminal hydroxyl groups to the bridging hydroxyl groups. The ratio is shown in Table 1 . The ratio of the terminal hydroxyl groups to the bridging hydroxyl groups on H 2 Ti 3 O 7 was 0.42 and increased to 0.75 aer thermal treatment. There would be no doubt that H 2 Ti 3 O 7 nanowire lm possessed more bridging hydroxyl groups from the crystal structure of H 2 Ti 3 O 7 . There are two sources of hydroxyl groups on the surface of the H 2 Ti 3 O 7 nanowire lm: one is the structural hydrogen, which forms most of the bridging hydroxyl groups on H 2 Ti 3 O 7 , and the other is the surface oxygen, which forms the bridging hydroxyl groups and terminal hydroxyl groups on TiO 2 depending on the species of oxygen.
28,29
Kelvin surface potential measured by Kelvin force microscopy (KFM) was considered to be an effective way to detect and map the acid-base site on the solid surface. 30 Since different hydroxyl groups resulted in different polarities, Kelvin surface potential on two samples was obtained and is shown in Fig. 3c and d. Kelvin surface potential was reported to be more positive at the basic site. 30 The surface potential increased from 38.9 to 215.8 mV aer thermal treatment with the increase in the terminal hydroxyl groups. This further conrmed the XPS result.
Bioactivity and cell responses on the H 2 Ti 3 O 7 nanowire lm
Since hydroxyl groups on the oxide surface were always considered to play an important role in attracting Ca 2+ ion, SBF in this experiment was used to mimic the behaviour of Ca 2+ ion in vitro. Fig. 4a and b show the typical morphologies of the H 2 Ti 3 O 7 and anatase nanowire lms aer 12 hours of SBF immersion. Spheres of different sizes could be found on the anatase nanowire lm. Calcium and phosphorus distribution detected by EDS indicated that the spheres were calcium phosphate. Although no evident spheres were found on the H 2 Ti 3 O 7 nanowire lm, calcium ion turned out to be distributed evenly on the surface and was not less than that on the anatase nanowire lm. The SEM images of two samples aer 4 days of immersion are shown in Fig. 5a and b. Typical calcium phosphate morphology was found on the anatase nanowire lm. Calcium phosphate in a hemispherical shape was clearly observed on the surface of the anatase nanowire lm, but no obvious layer of calcium phosphate was found on the surface of the H 2 Ti 3 O 7 nanowire lm. Since the surface of the H 2 Ti 3 O 7 nanowire lm was found to possess more hydroxyl groups, this phenomenon can be attributed to the polarity of the hydroxyl groups instead of the amount of the hydroxyl groups. Higher surface potential derived from the hydroxyl group facilitated calcium phosphate deposition because terminal hydroxyl group was expected to predominantly exhibit basic character that favoured the deposition of calcium phosphate. Cell morphology aer 1 day culture was detected via SEM. At least three cells on two nanowire lms were detected and typical morphology on each lm is shown in Fig. 5c and d. Cells on both lms showed a large amount of pseudopodium, and pseudopodium showed good contact with the nanowire on the sample. All these ndings indicated that H 2 Ti 3 O 7 was biocompatible. Cell cultured on the H 2 Ti 3 O 7 nanowire lm was more elongated than that cultured on the anatase nanowire lm, according to the SEM images.
Cytotoxicity on the H 2 Ti 3 O 7 nanowire lm as well as anatase nanowire lm was measured in this experiment, as shown in Fig. 6a , using PS as a low control and cell lysis as a high control. The H 2 Ti 3 O 7 nanowire lm showed no cytotoxicity during the cell culture. Protein adsorption was always considered as the rst step of interaction between a biomaterial and extracellular matrix, which determined the later cell response. The adsorption of BSA determines the behaviour of later adsorption of protein since BSA is the main component of cell culture media.
35 Fibronectin is responsible for key functions such as provision of a structural framework for cell attachment, migration, differentiation, and cell-cell and cell substrate adhesion through integrin receptors. 36 In this experiment, BSA and Fn were used as the model protein to study protein adsorption behaviour on the H 2 Ti 3 O 7 nanowire lm.
Protein adsorption on two nanowire lms is shown in Fig. 6b . There was no signicant difference in the amount of BSA and Fn absorbed on the H 2 Ti 3 O 7 nanowire lms and anatase nanowire lm. It has been reported that hydroxyl groups on TiO 2 were able to induce protein conformation change and further inuenced cell responses. 36 Since cell morphology on different nanowire lm was different, it could be deduced that the protein adsorbed on the surface underwent conformational changes due to different surface ion adsorption behaviours derived from hydroxyl groups.
MC3T3-E1 were cultured on two nanowire lms to evaluate the viability. The OD value aer 1 day, 4 day, and 7 day culture is shown in Fig. 6c . Anatase nanowire lm showed better cell attachment at the 1 st day as compared to the H 2 Ti 3 O 7 nanowire lm. This could be attributed to the calcium phosphate deposition on the anatase nanowire lm since calcium phosphate was reported to promote cell adhesion. 37 The OD value at day 4 was smaller than that at day 1, indicating poor proliferation on the H 2 Ti 3 O 7 nanowire lm. These results were in accordance with the reports stating that the alkali-treated surface always showed poor proliferation. 38 However, as H 2 Ti 3 O 7 showed no cytotoxicity during cell culture, the fate of the cells must be affected.
As a differentiation indicator at an early stage, ALP activity of MC3T3-E1 cells was obtained, and the results are shown in Fig. 6d . The ALP expression of the cells cultured on the H 2 Ti 3 O 7 nanowire lm was enhanced at day 4. It indicated that H 2 Ti 3 O 7 nanowire lm intrigued cell differentiation at an early stage. On combining the results of cell proliferation and differentiation, it was found that cell differentiation on the H 2 Ti 3 O 7 nanowire lm shied to an earlier date than that on anatase nanowire lm, which induced poor proliferation on the H 2 Ti 3 O 7 nanowire lm.
Although the layer of deposited calcium phosphate was not obviously observed on the H 2 Ti 3 O 7 nanowire lm, H 2 Ti 3 O 7 was always considered to be efficient in ion exchange due to large amount of bridging hydroxyl groups on the surface.
14 This ion exchange of bridging hydroxyl groups provided steady Ca 2+ ion on the surface, which regulated protein conformation and further determined the cell morphology. Since elongated cell morphology was always considered to result in higher differentiation potential, ALP expression of the cells cultured on the H 2 Ti 3 O 7 nanowire lm was enhanced at day 4.
39,40 
Conclusions
A H 2 Ti 3 O 7 nanowire lm and post thermal-treated nanowire lm (anatase) were prepared with almost the same topography to study the effects of the surface hydroxyl groups of the H 2 Ti 3 O 7 nanowire lms on the cell response. We demonstrated that higher surface potential derived from increased ratio of terminal hydroxyl groups on TiO 2 promoted the calcium phosphate deposition. Calcium phosphate deposition on the anatase nanowire lm facilitated cell adhesion. Bridging hydroxyl groups on the H 2 Ti 3 O 7 nanowire played an important role in ion exchange, thereby attracting Ca 2+ that promoted early-stage osteogenic differentiation. This study, therefore, not only provides an evaluation of cell responses on the H 2 Ti 3 O 7 nanowire lm but also introduces new insights into the exploration of the relationship between hydroxyl group and cell responses.
